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Abstract

Two weathering profiles evolved on peneplain-related granites in Sierra Norte, Cordoba province, were examined. Several weathering
levels, of no more than 2 m thickness, were studied in these profiles. They had developed from similar parent rock, which had been exposed
to hydrothermal processes of varying intensity. Fracturing is the most notable feature produced by weathering; iron oxides and silica
subsequently filled these fractures, conferring a breccia-like character to the rock. The clay minerals are predominantly illitic, reflecting the
mineral composition of the protolith. Smaller amounts of interstratified I/S RO type are also present, as well as scarce caolinite + chlorite that
originated from the weathering of feldspar and biotite, respectively. The geochemical parameters define the weathering as incipient, in
contrast to the geomorphological characteristics of Sierra Norte, which point to a long weathering history. This apparent incompatibility
could be due to the probable erosion of the more weathered levels of the ancient peneplains, of which only a few relicts remain. Similar
processes have been described at different sites in the Sierras Pampeanas. Reconstruction and dating of the paleosurfaces will make it
possible to set time boundaries on the weathering processes studied and adjust the paleographic and paleoclimatic interpretations of this great
South American region.
© 2005 Published by Elsevier Ltd.

Keywords: Granites; Sierras Pampeanas; Weathering profiles

Resumen

En la Sierra Norte de Cérdoba se reconocieron perfiles de meteorizacion desarrollados sobre granitos vinculados a peneplanicies. Estos
perfiles no superan los 2 m de potencia en los que se reconocieron varios niveles meteorizacion, a partir de una roca madre similar, que estuvo
expuesta a procesos hidrotermales de diferente intensidad. El rasgo mas destacado producido por la meteorizacion es la fracturacion; estas
fracturas fueron luego rellenadas por 6xidos de hierro y cuarzo microcristalino, que confieren a la roca un caracter brechoide. Los minerales
de arcilla son predominantemente illiticos, reflejando la composicion mineraldgica del protolito; subordinadamente estin presentes
interestratificados I/S tipo RO en forma escasa caolinita+clorita, estas tltimas originadas por la meteorizacion de feldespatos y biotita,
respectivamente. Los parametros geoquimicos de la meteorizacion la definen como incipiente, en contraposicion con las caracteristicas
geomorfoldgicas de la Sierra Norte, que indican un relieve resultante de una larga historia de meteorizacion. Esta aparente incompatibilidad
podria deberse a la probable erosion de los niveles mas meteorizados de antiguas peneplanicies, de las que se conservan solo algunos relictos.
Procesos similares fueron descriptos en diferentes puntos de las Sierras Pampeanas. La reconstruccion de las paleosuperficies y su datacion
permitira acotar en el tiempo los procesos de meteorizacion estudiados, asi como ajustar las interpretaciones paleogeograficas y
paleoclimaticas de esta extensa regiéon de Sudamérica.
© 2005 Published by Elsevier Ltd.

1. Introduction

* Corresponding author. Museo de Ciencias Naturales, Universidad

Nacional de Salta, Mendoza 2, 4400-Salta, Argentina. Most outcropping rocks are subject to conditions that

E-mail address: alikir@unsa.edu.ar (A. Kirschbaum). differ markedly from those prevalent during their formation.
0895-9811/$ - see front matter © 2005 Published by Elsevier Ltd. Weathering consists of thermodynamic readjustment of
doi:10.1016/j.jsames.2005.06.001 these rocks to surface conditions.
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Environmental conditions change over the geologic time
scale, and these variations potentially can be recorded in
weathering profiles. Subsequently, erosional processes
ensure that only relicts of this weathering history remain,
and many features are undoubtedly lost forever. Never-
theless, reconstruction of continental paleosurfaces and an
understanding of the weathering processes that formed them
constitute valid tools for the investigation of paleoenviron-
mental problems. In addition, these ancient surfaces are
important indicators of global changes (Thiry et al., 1999).

Riggi and Feliu de Riggi (1964) undertook one of the first
investigations of rock weathering in Argentina on Cre-
taceous basalts in Misiones. Their study provides a detailed
description of the physical, mineralogical, and geochemical
changes produced in different profiles of the region. Ifiguez
et al. (1990) describe the paleosoils of the Tandilia System,
Buenos Aires Province, in a careful analysis of the
petrography, clay mineralogy, and geochemical evolution
of various profiles stratigraphically assigned to the
Cambrian period.

In the Sierras Pampeanas (SP), previous workers have
outlined the weathering of Sierra Grande, Cordoba (Roman
Ross et al., 1998; O’Leary et al., 1998), where indications of
incipient weathering were defined. Similar degrees of
weathering were also found in Sierra Norte, Cérdoba
(Kirschbaum et al., 2000; Kirschbaum et al., 2002) and
Sierra del Aconquija, Tucuman (Kirschbaum, 2002).

The geomorphological features of Sierra Norte encour-
aged us to find well-developed profiles. Our research goals
were to recognize the mineralogical and geochemical effects
of weathering in granitic rocks. Our final goal is to attain a
better understanding of the processes of rock destruction
under surface conditions, which constitutes the first step in
sediment production.

2. Geological setting

The SP emerge as a group of southerly directed mountain
chains in central and northwestern Argentina. The mountain
blocks, separated by tectonic valleys, resulted from uplift and
tilt on reverse faults during an Upper Tertiary stage of the
Andean orogeny (Rapela et al., 1998). A division between
eastern and western SP has been recorded (Caminos, 1979).
The eastern SP correspond to an orogen generated during the
Proterozoic, with a collision next to the Precambrian-
Cambrian limit that gave rise to the magmatism and
metamorphism of this age (Ramos, 1999). The Sierra Norte
represents the easternmost emergent block of the eastern SP
system. It is the only range of this unit oriented NE-SW and is
bounded by structures that separate this uplifted block from
the surrounding young sediment-covered plains. Lucero
(1969, 1979) accurately mapped and described the major and
most representative lithological units in the region.

The Sierra Norte batholith intruded a dominantly
metasedimentary basement of Precambrian-Cambrian age
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(K/Ar: 598 £20, 517 £+ 15 My, Castellote, 1985). The scarce
basement outcrops appear as roof-pendant septa within the
plutonic rocks, and the contacts between metasedimentary
rocks and granitoids are generally fault bounded. The
basement is mainly composed of quartzo feldspathic-biotite
or sericite-chlorite schists and cordieritic cornubianites,
evincing low pressure thermal metamorphism (Kirschbaum
et al., 1997).

Local relicts of preintrusive quartz arenites with high
textural and mineralogical maturity, forming part of a
collapse breccia, have been described in the northern
area (Millone et al., 1994). Regional series of enclave-
rich granodiorite-monzogranite, locally intruded by a
large dacite-rthyolite porphyry stock, prevail in the
northern region. These units were subsequently intruded
by highly evolved granitoids (miarolitic monzogranites,
granite porphyries, and aplite dykes), whose emplace-
ment was controlled by old regional structures (Lira
et al.,, 1997). A porphyry-style hydrothermal alteration
system associated with the dacite-rhyolite intrusion also
has been identified (Lira et al., 1995). The effect of this
alteration is visible in the rocks immediately surround-
ing the stock.

The magmatism in the southern region of the batholith
is predominantly granitic, with scarce grandiorites whose
field ratios suggest a subsequent setting. All the rocks are
enclave rich, and aplites are frequent (Kirschbaum et al.,
1997).

Geochronological data suggest that that the main
magmatic activity in Sierra Norte reached its peak in the
Lower Ordovician (494411 My) (Rapela et al., 1991).
There is no geochronological information on the few
sedimentary rocks in Sierra Norte. Lucero (1969) describes
La Lidia Formation arkosic psammites and psephites in two
meridian belts in the western sector of the sierra, tentatively
assigning them to the Upper Cambrian.

In the Cerro Colorado area (Fig. 1), a continental
succession of sandstones with interbedded conglomerates
lies with nonconformity on a granitic basement. There is
insufficient information about the age of these sedimentary
rocks. A post-Cambrian-Triassic age is suggested on the
basis of petrographic and geomorphological evidence
(Herrero et al., 1998). Quaternary sediments rest directly
on the granitic basement in topographic lows, surrounding
Sierra Norte on the east and west (Fig. 1).

3. Geomorphological setting

One of the most notable features of the Sierra Norte
Massif is the presence of three topographic highs, each
located at different heights (500, 700, and 900 m above sea
level) and separated by abrupt escarpments. These slope
variations limit areas where the hills have similar heights,
with flat tops and generally convex slopes (Herrero, 2000).
Dome-shaped hills, corestone or boulder tors, inselbergs,

169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224



A. Kirschbaum et al. / Journal of South American Earth Sciences xx (xxxx) 1-15 3

225 281
226 282
227 283
228 Sqnﬁopgr;gwgilesstero 284
229 285
230 286
231 . 287
232 et 288
233 [ 289
234 290
235 Cc‘)rd_obc 291
236 Province : 292
237 293
238 294
239 295
240 296
241 T e 297
242 \ “\.._\ T 5 / N 298
243 ! S ﬁ 299
244 N\ 300
245 ! ™ ot 301
246 ' | 302
247 | S—— 303
248 304
249 REFERENCES 305
250 306
251 Quaternary sediments Quaternary 307
252 Sedimentary rocks Triassic? 308
253 309
254 “."."4 Dacite - Rhyolite Stock Lower Ordovician 310
255 Sierra Norte-Ambargasta Batholith 311
256 . ; ; 312
257 Metasedimentary basement Precambrian-Cambrian s
258 Province boundary 314
259 315
260 316
261 B . o 317
262 o — 318
263 319
800 La Quinta Profile
264 320
265 - 321
266 322
267 400 323
268 A A 324
269 325
270 1000 m 326
271 Tulumba Profile 327
272 800 v 328
273 329
274 600 330
275 331
276 a0 L 3 332
277 333
278 Fig. 1. Sketch of Sierra Norte with the localization of profiles. Sections AA’ and BB’ show the altitude and peneplanized relief of this unit. 334
279 335
280 336

SAMES 570—2/8/2005—12:25—VEERA—158766—XML MODEL 5 — pp. 1-15



337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
371
378
379
380

382
383
384
385
386
387
388
389
390
391
392

4 A. Kirschbaum et al. / Journal of South American Earth Sciences xx (xxxx) 1-15

and silcretes with polygonal cracks are observed in many
localities. These similar denudation features indicate a
common morphogenetic origin for Sierra Norte. Fluvial
erosion, which postdates the formation of these landscapes,
severely dissected the surfaces and often conceals the
distinctive characteristics.

Likewise, peneplains with geomorphological character-
istics similar to Sierra Norte have been identified in the
Sierras Ventania and Tandilia (Buenos Aires province;
Rabassa et al., 1995) and Sierra Chica (Cérdoba; Cioccale,
1999). The regional character of these extensive geoforms
can be inferred from these observations.

The present climatic conditions in Sierra Norte classify it
as semidesert, with less than 700 mm/year rainfall. Thus, the
area corresponds to a typically semiarid morphogenetic
region, where the dominant processes are mechanical and
subordinate chemical weathering, whereas surface water
flow is the principal erosive agent.

4. Methodology

The three Sierra Norte peneplain levels were taken as
reference points around which weathering profiles were
intensely sought. The areas close to the dacitic stock (Fig. 1)
were not taken into account to avoid superposition of the
hydrothermal and weathering processes. Two profiles in
road construction land cuts were selected with the following
stringent criteria: They should be similar to the parent rock
in texture and have a favorable geomorphic setting
(Middelburg et al., 1988).

These profiles are located at different topographic
heights, and in both cases, the visible thickness is
approximately 2 m. Different horizons were defined

Tulumba Profile

D Study profile E’E’E

E Exfaliation planes

E Fractures

within each profile on the basis of macroscopic
characteristics (Figs. 2 and 3) such as coloring,
compaction, texture, and mineralogy; four levels were
found in one profile and five in the other, and 2-3 Kg
samples were taken from each after cleaning the exposed
surface with a spade.

Thin sections from the protolith and lower horizons were
prepared in samples from La Quinta profile. Samples from
the Tulumba profile were unsuitable for thin section
preparation. Chemical analyses and identification of the
clay mineralogy from each horizon were performed using a
combination of refraction microscopy, granulometric anal-
ysis, X-ray diffraction (XRD), and scanning electron
microscopy.

The XRD patterns were obtained at CIMAR, Universi-
dad Nacional del Comahue, using CuKa radiation with a
Rigaku DII-Max diffractometer, horizontal goniometer, Ni-
filter, scan 2° 6/min, 0.05° 20 step, and running 2° and 40°
20. Samples were crushed, then ultrasonically dispersed in
water, and the <2 pum fraction was separated by centrifu-
gation (Brindley and Brown, 1980). Slides were air dried,
ethylene glycol solvated, and, after having been heated to
375°C for 1hr and to 550 °C for 2 hrs, Mg saturated,
dispersed, and pipetted onto glass slides to make oriented
aggregates. The clay minerals were identified according to
Moore and Reynolds (1997).

The geochemical analyses were performed at Acme
Analytical Laboratories S.A., Santiago de Chile. Major and
certain trace elements (Ba, Ni, Sr, Zr, Y, Nb, Sc) were
discerned in chips by X-ray fluorescence spectrometry on
fused discs (0.200 g samples were fused with 1.2 g of LiBO,
and dissolved in 100 ml 5% HNOQOj5). Other trace elements
and rare earth elements (REE) were discerned in pulps by
ICP/MS by LiBO, fusion.

w || ij
N ]

0.67

20

100 100
] sand Hus
= sit linite
Clay (K aclinite|

Pedogenetic loesic horizon

Fig. 2. Tulumba profile. (a) Cross-section details; (b) grain size fraction (the lack of primary cohesion made it possible to carry out a granulometric study from
the base of the profile); (c) clay mineral percentages. A corestone was taken as the parent rock.
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La Quinta Profile

Corestone

I:l Study profiles

ﬁ Pedogenetic loessic
horizon with regolith

a
0
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]
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L silt [ nite
Cla MlKaolinite]
1.63m
LQ4 0 100% 0 80 1oc

E Run off Carbonates

Fig. 3. La Quinta profile.(a) LQ; cross-section details; (b) grain size fraction; and (c) clay mineral percentages. A corestone was taken as the parent rock.

5. Results

5.1. Tulumba profile

This profile is located at the intersection of the road from
Dean Funes to Tulumba and the road to San Pedro Norte
(S30°24°24”, W64°13°18”). It evolves on porphyritic
granite with large euhedral microcline phenocrysts pertain-
ing to the Tulumba porphyritic granite unit (Baldo et al.,
1998). Four horizons were defined over a thickness of 2 m;
the protolith sample was taken from a corestone near the
profile (Fig. 2).

5.1.1. Macroscopic characteristics of the weathered rock

Level I (2.0-0.67 m) was defined as incipiently
weathered rock that breaks into greater than 5 cm blocks.
Level II (0.67-0.35 m) is reddish in color and crumbles
easily to a fine gravel texture. In level III (0.35-0.05 m), the
altered granite is mixed with silty sediments with blocky
soil structures, whereas level IV represents a 5 cm thick
horizon, rich in organic matter with well-differentiated
pedogenic characteristics. Altered and broken-down biotite,
which is the most abundant ferromagnesian mineral,
accounts for the red coloration. There is an increase in the
percentage of silt and clay particles in the uppermost layers
(Fig. 2b), indicating a coherent evolution with respect to
profile development (Gouveia et al., 1993; Condie et al.,
1995).

5.1.2. Petrographic characteristics of the protolith
or parent rock

This sample is a coarse-grained, porphyric monzogra-
nite; the essential minerals are quartz, microcline, plagio-
clase, and biotite. Muscovite, zircon, apatite, and opaque
phases occur as accessory minerals; chlorite, sericite, clay
phases, rutile, and other unidentified iron oxides are present
as secondary minerals. Microcline phenocrysts are euhedral,

SAMES 570—2/8/2005—12:25—VEERA—158766—XML MODEL 5 — pp. 1-15

and the small crystals are anhedral; the phenocrysts are
perthitic and display a poikilitic texture enclosing small
euhedral crystals of plagioclase, quartz muscovite, and
biotite. Sericite and clay alteration is incipient and occurs in
patch form. Plagioclase (oligoclase) is euhedral to subhedral
and contains incipient sericite and clay alteration. Subhedral
biotite ‘books’ contain chlorite along their borders,
penetrating inward along the cleavage planes; iron-depleted
aggregates associated with rutile are also clearly visible.
Pristine muscovite is scarce and always associated with
biotite. Euhedral zircon and apatite crystals occur as
inclusions in biotite and feldspar minerals.

The degree of alteration in the weathered levels made it
impossible to prepare thin sections for petrographic studies.

5.2. La Quinta profile

This profile is located close to Arroyo la Quinta on the
secondary road that leads toward Villa Maria de Rio Seco
from the road between San Francisco del Chafnar and Rayo
Cortado (529°54°38”, W63°53°00”). It is visible in the
cutting of a road through a gentle hill. The profile evolves on
a coarse-grained porphyritic granite similar to Tulumba
granite, in which the transition from granite to weathered
rock is also visible. The observable thickness of the five
layers noted reaches 1.63 m (Fig. 3). The parent rock sample
was obtained from a corestone. The presence of some
disturbance factors in the profile (e.g., a pedogenetic
horizon with regolith, runoff effects) led us to make a
duplicate sample at 8 m distance to check the information.
Analyses in both profiles showed similar results.

5.2.1. Macroscopic characteristics of the weathered rock
Level I is characterized by intense fracturing, with the
formation of large blocks. Level Il is distinct from level I by
the occurrence of comparatively smaller block sizes and a
reddish color. Level III presents a fine gravel texture, in
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£0%

Fig. 4. (a-b) Photomicrographs of hydrothermal processes in La Quinta parent rock. (a) Fractured biotite with microcrystalline quartz veins, open cleavages,
and a muscovite +neobiotite mass. Parallel polarizers. (b) Fractured biotite with microcrystalline quartz veins, transformed to muscovite, neobiotite, and
epidote. Crossed polarizers. (c-d)Weathering processes in LQ; level II. (c) Transcrystalline fracture with silica filling and Fe-oxides across an argillized crystal
of plagioclase and an opened biotite. Parallel polarizers. (d) Argillized K-feldspar with transcrystalline fracture filled by silica and Fe-oxides. Crossed
polarizers. Bi, biotite; Bi,, neobiotite; Ms, muscovite; SiO,, microcrystalline quartz; Ep, epidote; Pl, plagioclase; Fe.y, Fe oxides; Kf, K-feldspar. The bar

represents 1 mm.

which clasts up to 2 cm are rare and roots are abundant.
Levels IV and V consist of loess-like sediments with
abundant regolith fragments, but level IV differs in its high
carbonate content.

5.2.2. Petrographic characteristics of the parent rock

A medium-grained, porphyritic monzogranite, it shows
ductile deformation and signs of hydrothermal activity. It is
composed of quartz, plagioclase, microperthitic potassium-
feldspar, and biotite as essential minerals; muscovite, apatite,
zircon, and opaques as accessory minerals; and chlorite,
epidote, phyllosilicates, Fe-Ti oxides, and microcrystalline
quartz are secondary products. Two types of quartz were
identified: One is of medium grain size, consertal texture, and
undulate extinction, whereas the other is of fine grain size and
mosaic texture, indicating deformation and recrystallization
processes. The second type is interstitial and appears in
fissures and on the plagioclase borders in coronitic
arrangement. Large zoned and multiply twinned plagioclase
grains are selectively altered to sericite in the nucleus of the
zoned crystals, along the cleavage planes, and as patches, and
they present pervasive argillization. The potassium feldspar
is anhedral microperthitic orthoclase with incipient musco-
vite and clay alteration. Flexured biotite has a dark greenish
brown color with dark brown Fe-oxides marking the
cleavage traces; it also shows corroded borders associated
with recrystallization and new growth of microcrystalline
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quartz, muscovite, and Fe-Ti oxides. Smaller biotite crystals,
suggesting a second generation, can also be seen in cleavage
planes. Biotite and feldspar grains contain tiny euhedral
zircon and apatite inclusions without any evidence of
alteration.

5.2.3. Petrographic characteristics of the weathered rock
The following observations are based on a petrographic
analysis of the distinct weathered horizons. The lack of
cohesion of the weathered levels in the Tulumba profile
made it impossible to prepare thin sections of that site, so
petrographic analysis was not carried out there. Consertal
quartz crystals show the greatest resistance to weathering
and remain grouped; in contrast, the microcrystalline
variety disintegrates and lodges in fractures. Clay and
sericite alteration of plagioclase increases toward the
surface levels in the profile, whereas microcline crystals
show no changes along the profiles (LQ; and LQ,). Biotite
is the mineral most altered during weathering (Fig. 4a
and b). Iron leaching is the most common process acting on
biotite in the profiles analyzed. Biotite in the protolith has a
dark, greenish brown color with dark brown Fe-oxides
marking the cleavage traces. In profile LQ;, this mineral
changes color and pleochroism as a consequence of
weathering, varying from bright yellow brown to intense
red as a result of Fe-oxide liberation that masks the
anisotropic colors. In profile LQ,, biotite crystals are similar
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Fig. 5. (a) Neoformed kaolinite associated with feldspars. (b) Neoformed illite associated with mica. La Quinta profile. Ka, Kaolinite; Il, Illite.

to those in profile LQ), but the Fe-oxides are concentrated in
pits and the sheets are highly kinked.

When the physical effects of weathering are analyzed in
both profiles, an increase in the density and thickness of
fractures is noted as the profile evolves from bottom to top.
Fracture thickness varies between 0.15 and 0.7 mm, and
fracturing density increases gradually. Fine fractures with-
out displacement arise bordering the feldspar phenocryst,
availing of the cleavage in biotite. Other fractures are
transcrystalline and cross the surface of the rock in all
directions.

In both LQ profiles, fractures are filled with a
microcrystalline phyllosilicate, and there is a similar change
in the rock structure along the depths. In levels II and III,
increasing microfracturing of the minerals in contact with
the fissures leads to displaced fragments cemented by clay
material; these characteristics give the rock a micro-breccia
texture.

6. Clay mineralogy

A semiquantitative estimation of clay mineral pro-
portions was performed in the upper levels (III and IV) of
both profiles. In Tulumba profile, samples show similar
values, with illite being the dominant phase (93%) and
subordinate quantities of interstratified illite/smectite (I/S)
type RO (6%) and kaolinite + chlorite (1%).

In La Quinta profile, the clay mineralogy studies in the
upper levels indicate a predominance of illite in level III
(93%) (Fig. 5b), which decreases to 60% in level IV, with a
significant increase in interstratified I/S type RO (35-39%).
Originally scarce kaolinite + chlorite pass from 5% content
in level III to 2% content in level IV.

Illite is the most abundant clay mineral in both profiles,
followed by interstratified I/S type R0. Kaolinite + chlorite
are the least common (5-1%). Scanning electron microscope
observations show that they are principally of an inherited
type (illite and 1/S), as they are morphologically irregular.
Neoformed illite over micas and neoformed kaolinite over
feldspars are also present in subordinate quantities.
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There is a noticeable increase of illite along the depth
in La Quinta profile (Fig. 3). Illite in ribbon-like forms
appears on the micas and feldspars, suggesting that its
genesis is related to mineral alteration. Interstratified I/S
of type RO have irregular flake-like forms and are found
mainly as detritics. We also found I/S in smaller amounts
in association with mica, which suggests an origin in the
alteration of this mineral. The alteration of biotite to I/S
species liberates iron oxides and hydroxides that
accumulate in the zones of maximum aeration; in the
profiles studied, these correspond to inter- and transcrys-
talline fracture surfaces (Fig. 4c and d). Kaolinite occurs
as crystals of less than 0.5 ym and is associated with
potassium feldspar and plagioclase (Fig. 5a).

Chlorite development results from the gradual altera-
tion of biotite and forms in crystalline defects and on
inclusions, as well as by iron oxidation at the junction of
the phyllosilicate sheets. These actions generate micro-
divisions within the mineral, reducing its size, and as a
consequence, the process at the sheet junctions accel-
erates the liberation of cations (Millot, 1964). In the case
of biotite, Fe, Ti, and Mg ions occupy the intermediate
sites producing chlorite alteration of biotite with an
exsolution of iron oxides, as observed in petrographic
sections.

7. Geochemistry

Chemical analyses were performed on each of the levels
in the profiles studied (Tulumba, LQ;, and LQ,); the
concentration of major and trace elements present in profile
samples is shown in Table 1.

The chemical alteration index (CIA), which results in a
quantitative weathering parameter (Nesbitt and Young,
1997), was calculated on the basis of the data presented in
Table 1 as follows:

CIA = 100 X [AL,05/(Al;05 + CaO + Na,O + K,0)].
(D
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Table 1
Geochemical analysis of weathering profiles of Sierra Norte, Cérdoba.
Sample T-RM T-I T-I1 T-III T-IV LQ-RM  LQ-I LQ-II LQ-III LQ-IV LQ-V LQ-Ib LQ-IIb LQ-IIIb LQ-IVb LQ-Vb
Major elements (wt. %)
Si0, 67.35 64.68 65.10 67.73 65.30 68.77 69.61 70.39 73.60 66.53 68.18 71.88 69.73 72.60 71.21 68.73
AL O; 15.53 14.90 15.42 14.35 14.25 14.67 14.40 13.93 13.59 13.11 13.79 13.73 14.47 13.41 14.00 13.72
Fe,03 4.60 6.49 5.86 4.90 5.32 4.93 4.05 3.68 2.05 3.01 3.82 3.05 4.16 2.45 2.89 3.91
MgO 1.17 1.71 1.55 1.19 1.32 1.31 0.78 0.66 0.34 0.59 0.75 0.53 0.69 0.44 0.53 0.73
CaO 1.79 2.31 2.06 1.71 1.90 2.08 1.53 1.41 1.14 431 2.08 0.37 0.88 0.83 1.46 1.55
Na,O 2.80 2.55 2.41 2.10 2.03 2.50 2.48 2.44 2.37 2.41 2.43 2.82 2.54 2.47 2.62 2.50
K,O 473 3.30 3.89 4.04 3.27 4.49 4.58 4.74 4.47 4.80 4.59 5.34 4.52 4.95 5.08 4.24
TiO, 0.66 0.95 0.86 0.67 0.75 0.67 0.57 0.50 0.27 0.41 0.55 0.40 0.56 0.33 0.38 0.54
P,05 0.24 0.26 0.25 0.20 0.29 0.18 0.22 0.18 0.11 0.15 0.21 0.15 0.17 0.13 0.15 0.19
MnO 0.08 0.10 0.10 0.07 0.08 0.09 0.06 0.06 0.04 0.05 0.06 0.04 0.06 0.04 0.04 0.06
LOI 0.80 2.50 2.20 2.80 5.20 0.81 1.50 1.80 1.80 4.40 3.30 1.40 2.00 2.10 1.40 3.60
SUM 100.00 99.93 99.91 99.98 99.93 100.49 99.97 99.97 99.97 99.95 99.96 99.90 99.96 99.97 99.95 99.96
CIA 54.48 55.46 56.40 56.75 58.18 54.10 54.93 54.34 55.70 49.95 51.97 55.32 57.56 55.10 5291 54.36
Trace elements (ppm)
Ba 934 379 571 603 394 747 559 537 635 530 488 620 510 573 593 473
Ni 26 34 38 41 29 -20 20 20 20 23 31 31 25 20 20 32
Sr 145 120 130 119 107 133 114 109 112 112 108 91 105 104 113 107
Zr 191 299 312 233 278 261 194 166 114 141 215 136 178 145 121 176
Y 31 58 59 41 49 33 55 52 28 41 47 32 37 27 32 42
Nb 10 10 10 10 10 18 10 10 10 10 10 10 10 10 10 10
Sc 2 3 3 2 2 11 2 2 1 1 2 1 2 1 1 2
Co 10 15 13 11 12 9 8 7 4 6 8 5 8 6 5 7
Cs 14 21 19 14 17 12 9 7 7 7 8 7 7 7 7 9
Ga 18 20 21 16 18 19 17 16 13 15 16 13 17 13 15 16
Hf 6 10 9 7 9 7 7 6 4 5 7 4 8 4 5 7
Nb 21 36 31 24 26 18 21 18 9 16 21 10 22 10 14 20
Rb 238 238 240 197 193 193 221 203 191 210 211 198 228 198 204 196
Sn 7 11 8 6 7 3 7 7 4 6 8 5 9 5 7 8
Sr 136 117 126 110 106 133 109 100 107 109 101 98 102 98 108 102
Ta 1 2 2 2 2 2 2 1 1 1 2 1 2 1 1
Th 15 25 21 16 22 20 19 17 11 15 20 12 20 12 14 19
Tl 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 4 4 3 4 3 2 3 2 2 3 2 4 2 2 3
v 73 104 104 74 88 75 69 68 40 44 61 39 78 39 54 53
W 3 4 4 9 8 2 2 3 2 2 5 6 7 6 3 7
Zr 232 402 328 280 363 264 237 207 156 174 254 150 269 150 197 223
Y 35 65 67 42 55 33 58 55 36 37 52 30 43 30 39 50
Rare earth elements (ppm)
La 42.1 63.4 56.3 50.3 56.2 493 43.7 42.8 27.7 36.6 45.6 30.8 49.2 253 34.1 40.7
Ce 86.8 125.3 112.8 94.9 121.1 102.0 88.3 81.0 55.3 70.9 90.3 65.9 92.2 60.2 68.0 86.4
Pr 11.5 17.8 16.2 13.5 15.8 9.7 12.4 11.7 75 9.5 12.2 8.6 134 7.1 9.4 11.6
Nd 45.8 73.1 65.4 56.3 63.3 42.6 49.9 46.6 28.9 39.6 50.0 34.7 54.2 27.7 35.6 454
Sm 8.9 14.4 139 10.7 12.8 8.2 9.9 7.0 9.5 10.8 5.7 5.7 7.7 72 9.8 9.4
Eu 1.7 2.0 2.1 1.7 1.5 1.5 1.4 1.2 1.4 1.5 1.2 1.0 1.2 14 1.3 1.3
Gd 7.8 133 12.0 9.9 11.1 6.8 9.2 6.2 8.8 3.4 53 4.9 7.1 6.4 8.6 8.0
e B8 SR8 E IS8 5385558858858 8588508500808 EREEREERE
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We expect high CIA values, concordant with the
maturity of geoforms. However, the range of CIA values
for both profiles lies within the values corresponding to
incipient weathering (<<60). The values define an
increasing trend toward the upper levels of each profile.
An estimate of “chemical behavior” during weathering
can be obtained from the relationship between the
elemental concentration in weathered rock and the
corresponding concentration in unaltered or less altered
rock, which is here referred to as the protolith or parent
rock (Figs. 6 and 7,). Mass relations between the
protolith and the weathered products are determined by
gains or losses, produced as a result of the hydrolysis of
certain minerals and the precipitation of others. One
solution to this problem is to define the relationship
between the different elements and a single element
considered immobile, because it should not have
suffered changes in its concentration during protolith
weathering. According to Nesbitt (1979); Nesbitt and
Markovics (1997), the percentage change is established
as follows:

% change = 100 X [(X"/I")/(XPIIP)] —1, (2)

where:

X™ is the concentration of an element in the sample,

I"™ is the concentration of the immobile element in the
sample,

XP is the concentration of the element in the protolith,
and

I’ is the concentration of the immobile element in the
protolith.

We assume that (1) the weathered material comes from
the protolith and (2) at least one element remains immobile
during weathering. In this case, aluminum is considered
immobile. The results of profiles LQ; and LQ, were plotted
together to determine whether the results obtained were
similar in each.

The percentage change in major elements from the
Tulumba profile is plotted in Fig. 6a. The positive values
indicate enrichment, whereas negatives correspond to losses
with respect to the protolith. Na,O depletion is observed
throughout the profile, and Fe,03;, MgO, CaO, TiO,, and
MnO show the same tendency, with an accumulation level
close to the protolith.

It should be noted that protolith plagioclase shows
evidence of sericite and clay alteration prior to weathering,
which makes it the least stable mineral that displays an
increase in these processes as the profile evolves. The minor
elements (Fig. 6b and c) show significant losses in Ba; there
is a constant loss of Sr along the profile, but Rb losses
appear only in the uppermost levels (IIl and IV). Zr, Y, and
Cs show a similar tendency, with enrichment along the
profile, especially in levels I and II. Nb, Sn, Th, and V show
enrichment along the profile, especially in level 1.

In La Quinta, covariation between both profiles (LQ; and
LQ,) is observed with the depletion of major elements
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Fig. 6. Percentage of change of major trace elements relative to the “immobile” species Al,O; (Nesbitt, 1979), Tulumba profile. The abscissa is given by
equation (2), and the ordinate shows the sample order in the profile. (a) major elements, (b-c) trace elements.

(Fig. 7a and b). Trace elements (Fig. 7c and d) also suffer
depletions, except for Y and Sn, which increase in the
profile.

The REE values normalized to parent rock (Fig. 8) show
a general enrichment along the Tulumba profile, with the
highest values in levels I and II. Europium is the only
element impoverished in the upper levels. The La Quinta
profile shows a different trend, with enrichment in HREE
and impoverishment in LREE, particularly La and Ce. The
lower levels (LQ I and II) are enriched in REE, with the
exception of La and Ce. Level III corresponds to a leaching
zone and shows the lowest concentrations of light
lanthanides in particular.
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8. Discussion

The profiles studied have similar parent rocks, which
were subjected to hydrothermal processes of varying
intensity. These processes were much more intense in the
La Quinta area and are mineralogically expressed in
plagioclase sericitization and argillization, biotite chlor-
itization, crystallization of a smaller neobiotite, and quartz
recrystallization. We relate these observations to the
hydrothermal alteration system associated with the dacite-
rhyolite intrusion (Lira et al., 1995) (Fig. 1), which affected
not only the rocks immediately surrounding the stock but
also areas such as La Quinta, more than 25 km away.
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Greater cohesion in La Quinta permitted the preparation
of thin sections along the profile, which made it possible to
observe the microscopic characteristics of weathered levels.
An increase in the density and thickness of fractures is noted
from bottom to top; these fractures are filled by a
microcrystalline phyllosilicate with Fe oxides followed by
microcrystalline quartz (Fig. 8d).

Clay minerals are dominantly illite species. They are
generally of an inherited type and, to a lesser extent,
neoformed. Enrichment in I/S species in the La Quinta
profile probably indicates the action of pedogenic processes
(Thieboult et al., 1989). The scarce neoformed clay minerals
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originate in micas and feldspars (illite), micas (I/S), biotite
(I/S and chlorite), and K-feldspar and plagioclase
(kaolinite).

Three distinct horizons are broadly discernible in the
profiles studied: leaching processes are dominant in one,
accumulation in another (clay eluviation, carbonate altera-
tion, and red coloration), and fragmentation and fracturing
closer to the protolith in the third. Throughout Tulumba
profile, the observed Na,O loss may be due to incongruent
dissolution of plagioclase (Van der Weijden and van der
Weijden, 1995), consistent with the maximum solubility of
Na that, once in solution, can migrate away from the profile.
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Fig. 8. Rare earth elements normalized to a corestone (parent rock.). (See explanation in text.)

We interpret the enrichment in MgO, TiO,, MnO, and CaO
observed in Tulumba profile as a phenomenon associated
with the precipitation of secondary oxides and calcite in
fractures. The minor elements (Fig. 6b and c) show losses in
Ba, Sr, and Rb; Ba replaces K in the biotite structure, Rb
enters the crystalline structure of K-feldspar and biotite, and
Sr enters both feldspars, indicating that biotite is the mineral
most readily altered during weathering. The enrichment in
Zr, Y, Sn, Th, and V is interpreted as due to the higher
concentration of accessory minerals relative to the original
granite because they are resistant to weathering. Enrichment
of these elements in soil is attributed to pedogenic
processes.

In the La Quinta profiles (LQ; and LQ,), the depletion of
major elements (Fig. 7a and b) is attributed to the alteration
of biotite and opaque minerals, with subsequent hydrolysis
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and migration of Fe, Ti, and Mn. In the case of Fe, it is
known that only Fe** is soluble and can migrate. It is likely
that organic materials promote the reduction and leaching of
iron. The anomalous CaO value in LQ IV (Fig. 7b) is
associated with a nonuniform, carbonate-rich level and
related to the pedogenic processes mentioned previously,
specifically carbonate alteration. The high increase in Y and
Sn may be explained by the random presence of apatite and
opaques in the granite. A source for these minerals may also
be loess-type sediments present in the superficial levels of
the profile.

The REE patterns in the Tulumba profile (Fig. 8a) show
REE enrichment in the deepest levels as a result of leaching
processes in the uppermost horizons, transport in solution,
and final precipitation of REE near the protolith. The
impoverishment in Eu in the uppermost levels results from
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the weathering of feldspars; Middelburg et al. (1988) point
out that in contrast to other REE, Eu as Eu?" is
preferentially incorporated in feldspar during magmatic
processes and thus easily liberated in weathering processes
due to its susceptibility to alteration.

In the La Quinta profile, REE patterns different than
those of Tulumba might be caused by non-homogeneities in
the parent rock (Van der Weijden and van der Weijden,
1995) and/or differences in the susceptibility to weathering
of the protolith minerals. Bearing in mind this last criterion,
the effects of a hydrothermal front affecting the La Quinta
profile must be considered, which may have produced
percolating solutions under different pH-Eh conditions.

Redox transformations are important in the determi-
nation of element mobility. The geochemical behavior of
Mn, Cr, V, Fe, and Ce is very dependent on the redox state
of a weathering system. These redox transformations can be
useful to set limits on the oxidation state of a weathering
suite (Middelburg et al., 1988). In the La Quinta profile
losses in Fe, Mn, V, and Ce (Figs. 7a and 7d, 8b and c) point
to local reduction conditions that permitted the migration of
Fe>™ out of the profile, accompanied by the other redox-
sensitive elements.

Herrero (2000), who identifies three topographic highs
located at different levels and separated by abrupt
escarpments, decrypted the geomorphological features
of the Sierra Norte. The hills have similar heights, with
flat tops and generally convex slopes, domed hills,
corestone or boulder tors, inselbergs, and silcretes with
polygonal cracks. These features indicate a landscape that
resulted from a long weathering history. The apparent
incompatibility between the maturity of the landscape
and the geochemical signature can be explained by the
probable removal, through erosion, of the most weathered
horizons in the profiles. These horizons were associated
with ancient peneplains, which are only preserved as
occasional geomorphological relicts.

The study of landscape evolution is made easier by the
terrestrial in situ cosmogenic nuclide method. Single or
multiple nuclides (3He, 10Be, 14C, 2!Ne, 2°Al, and 36Cl) can
be measured in a single rock surface to obtain erosion rates
on boulder and bedrock surfaces for exposures ranging from
10% to 107 years (Gosse and Phillips, 2001). Such studies
should be initiated in Sierra Norte to determine the time of
exposure of peneplained surfaces to cosmic radiation, which
will make it possible to date the periods in which the
weathering processes occurred.

9. Conclusions

The profiles studied are poorly developed, as indicated
by the absence of saprolithic levels, the predominance of the
sand fraction in the granulometric analysis of the weathered
levels with low clay contents (Figs. 2b and 3b), and CIA
values <60. Clay minerals are dominantly illite species,
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which are generally of an inherited type and, to a lesser
extent, neoformed.

The Tulumba profile is developed on porphyritic biotite
granite, in which four weathering levels were discerned. The
red coloration is ubiquitous and results from the weathering
of biotite that liberates iron oxides and hydroxides deposited
in the fractures. The clay minerals are predominantly illites,
with a lesser quantity of type RO interstratified I/S; kaolinite
and chlorite are scarce and result from the weathering of
feldspars and biotite, respectively.

The La Quinta profile is developed on coarse-grained
porphyritic granite, in which five layers can be discerned.
Petrographic observation reveals the overprint of weath-
ering alteration on hydrothermal processes, the latter of
which are expressed in plagioclase sericitization, argilliza-
tion and epidotization, biotite chloritization, crystallization
of a smaller neobiotite, and quartz recrystallization. The
clay minerals of level III are illitic; the significant
increase in I/S in level IV is attributed to pedogenic
processes. Kaolinite and chlorite are less common, and
their combined volume percentage varies between 5% in
level III and 2% in level IV. Moreover, the granulometric
evolution of the profile is not linear, as a result of the
presence of regolithic material in the upper levels, derived
from stream run-off.

Increases and decreases in the REE contents, as well
as differences in the REE patterns, can by caused by
differences in the susceptibility to weathering of the
protolith minerals after hydrothermal conditions. The
REE patterns in the Tulumba profile (Fig. 8a) show an
enrichment in REE in the deepest levels, the result of
leaching processes in the uppermost horizons, transport
in solution, and final precipitation of REE near the
protolith. The impoverishment in Eu in the uppermost
levels may be a result of the weathering of feldspars.
In the La Quinta profile, losses of Fe, Mn, V, and Ce
(Figs. 7a and d, 8b and c) point to local reduction
conditions, which permitted the migration of Fe*" out of
the profile, accompanied by the other redox-sensitive
elements.

Common features in the mineralogical, petrographic, and
geochemical information indicate incipient weathering. In
addition, all the regions studied are associated with relict
landscapes. The apparent incompatibility between the
maturity of the landscape and the geochemical signature
can be explained by the probable removal, by erosion, of the
most weathered horizons in the profiles. These horizons are
associated with ancient peneplains, which are only
preserved as occasional geomorphological relicts.

To attain a correct paleoenvironmental interpretation of
the region, it will be necessary to advance the reconstruction
of these ancient surfaces while dating the exposure of the
peneplained surfaces through cosmogenic isotope analysis,
which will make it possible to set time boundaries on the
weathering processes studied.
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